A review of classical trajectory calculations of infrared multiphoton absorption and dissociation is presented. These calculations have demonstrated that the classical method can be useful for interpreting experimental results and for understanding the fundamental processes by which molecules absorb photons from the laser.
INTRODUCTION
An understanding of how molecules interact with intense laser radiation is crucial to the design and interpretation of experiments on multiphoton excitation and dissociation, and photoselective chemistry. 2 In this paper, we present an overview of how classical methods have contributed to this understanding.
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Of course, the use of classical dynamics to describe molecular energy absorption is only an approximation, and the correct approach is via quantum dynamics. Indeed, significant advances have been made recently in applying quantum mechanics to laser-molecule problems, and model systems with as many as 15 000 molecular states interacting with a laser mode have been studied. 3c However, most realistic molecular systems have such high densities of states (e.g., in SF6 the density of states is 106 states/cm -l at an energy of 10 000 cm-) that a full quantum approach, especially if dissociation (continuum states) is to be considered, is still out of the question. Fortunately, it is in the limit of intense laser fields and high densities of states that classical dynamics is most valid.
For the past three decades, classical mechanics (classical trajectories) has been used as a tool to quantitatively understand the chemistry in scattering systems. 4 For those cases where exact quantum mechanical calculations could be performed, the classical approximation was found to be reasonable for the calculation ofvarious scattering properties (e.g., scattering cross sections and rate constants) and failed only when classically forbidden processes were dominant, such as tunneling or interference effects. In most cases, the latter phenomena were adequately treated using semiclassical methods.
The last decade has seen the use of classical mechanical methods to describe the dynamics of multidimensional anharmonic unimolecular systems. These methods have led to new concepts related to random and nonrandom energy transfer and the breakdown of the conventional normal mode and perturbative analyses for vibrationally excited molecules.
The use of classical mechanics to describe these systems has proved popular because, even for modest systems, quantum mechanical methods require extraordinary amounts of computational time and storage. In general, the complexity of the quantum mechanical problem varies as some power of the number of degrees of freedom, whereas the classical complexity varies only linearly. Probably more importantly, the classical method allows a visualization of the dynamics of the process that is not possible or is obscured in the quantum calculations. Because a classical Hamiltonian can be written for the interaction of intense laser radiation with a molecule, it is of interest to apply these classical methods to such systems. The laser-molecule system is of special theoretical and experimental interest because, to a certain extent, the coupling between the laser and the molecule can be altered by changing the laser power or frequency. In this way, certain processes such as molecular dissociation can be enhanced by simply scanning the laser frequency.
In this paper, we hope to demonstrate how classical mechanics has been used as a tool to investigate realistic systems and also how it has contributed to our understanding of the laser-molecule interaction that perhaps could not be obtained by using other methods. In Section II, the classical mechanical method is outlined, and in Section III, some of the results obtained using these methods are reviewed. A discussion of these results and areas for future investigations are presented in Section IV.
CLASSICAL TRAJECTORY METHODS
The classical Hamiltonian describing the interaction of a molecule with a laser can be written as H(p, x, t)= Hmo(P, x)-I.(x) cos (tot) Note that Eq. (1) ditters from the usual Hamiltonians used in studying molecular collisions in that it is explicitly time-dependent, so that energy is not a constant of the motion. This, of course, is neither a problem in principle nor in practice, but it is sometimes useful to work within a time-independent Hamiltonian. It is always possible to convert a time-dependent to a time-independent Hamiltonian by introduction of an extended phase space, and this has been demonstrated explicitly for the laser-molecule problem by Stine and Noid. 6 Another point about the Hamiltonian given by Eq. (1) Typically, an ensemble of N initial values of the molecular position and momentum variables (Xo, 10) is selected consistent with some distribution p(Xo, lo) which represents the state of the molecule "before" the laser is turned on. For example, p(Xo,lo) might be a microcanonical distribution corresponding to a particular energy level of the isolated molecule. It is occasionally desired, in addition to averaging over the molecular phases, to average over the laser phase as well (for example, in studies of molecules interacting with multiple lasers). This is accomplished by replacing cos (wt) in Eq. (1) are integrated to produce a trajectory (x(t), l(t)).
One quantity of interest is the time-dependent energy absorption by the molecule, Emol(/), given by a simple average over the ensemble
This quantity gives a qualitative indication of the rate at which the molecule is absorbing energy from the field and the degree of excitation of the molecule after interacting with the laser for a time t.
In all of the classical studies thus far, the laser mode contains a sufficient number of photons to dissociate the molecule. However, because of the nature of the coupling between the molecule and the laser, the rate at which this energy is transferred can be extremely slow. To compensate for this phenomenon, the classical calculations require larger laser fields to see an effect on a picosecond time scale than may be required experimentally.
CLASSICAL STUDIES OF MOLECULAR EXCITATION AND DISSOCIATION
One early classical study was of multiphoton absorption in SF6 by Poppe. 3 His molecular potential energy and dipole moment functions reproduced the spectroscopic properties of SF6, and he included all of the rotational and vibrational degrees of freedom in his calculations. He looked at the amount of energy absorbed by the molecule at various exciting frequencies of the laser and observed that the mean energy absorption depends on the fluence (i.e., energy density or timeintegrated intensity) and not on the intensity of the laser. Indeed, his results on the mean energy absorption agree reasonably well with experimental results both in terms of fluence and in terms of laser frequency dependence. Unfortunately, Poppe was unable, for computational reasons, to compute the threshold fluence for dissociation directly, but resorted to statistical arguments based on his calculated energy distributions. Nonetheless, his estimated fluence threshold of about J/cm 2 compares favorably with the experimental value of 1.4 J/cm2. However, Poppe's dissociation probability rose much more steeply with increasing fluence than the experimental results, which as he notes is probably caused by the statistical approximation rather than by the actual trajectory data.
One ofthe earliest classical trajectory studies of multiphoton dissociation of a polyatomic system was by Noid et aL 14 on CD3C1. Although features of the potential energy and dipole moment used in this study were idealized (e.g., the potential energy surface only allowed for C--CI bond rupture and the dipole moment function was only dependent on the C--CI bond distance), all of the vibrational and rotational degrees offreedom were included. A number of experimental findings on multiphoton absorption and dissociation were qualitatively verified in this study. For example, an energy fluence dependence for multiphoton dissociation was noted and, with the possible exception of extremely intense, short laser pulses, energy randomization and statistical (RRKM) product translational energy distributions appeared unavoidable.
The results of Noid et al. 14 are therefore consistent with the fact that mode specific multiphoton excitation and dissociation is very difficult to achieve. The usual qualitative quantum mechanical explanation of this fact is that the energy levels close to dissociation that are ultimately reached after the absorption of many photons lie in a "quasicontinuum" where there is sufficient mixing between zero-order modes to effectively delocalize the excitation in a statistical manner about the molecule. ' The concept of the laser making a molecular system"go stochastic" is commonly invoked but still is not very well understood.
Another system with two degrees of freedom exhibiting similar behavior was studied by Ramaswamy, Siders and Marcus. 7 Hansel also studied a three degree of freedom model for ozone multiphoton dissociation, but only gave a brief account of his results. Hansel 's isolated molecular system exhibits much classical chaos for energies as low as half the dissociation energy. They showed the importance of vibrational energy transfer in leading to multiphoton dissociation by showing that very little dissociation takes place when no coupling is allowed between the modes. They also showed that when coupling is included, multiphoton dissociation can result even when the non-dissociative mode is pumped; i.e., fast vibrational energy transfer to the dissociative mode can occur. Another interesting aspect of their investigations was the nature of the product distributions. For example, by increasing the laser intensity, it was possible for the laser pumping to compete against the vibrational energy transfer allowing for more energy to be effectively trapped in the nondissociative bond and, ultimately, increased vibrational excitation in the products. Increased product excitation was also seen to occur in systems with less coupling between modes.
Because of the availability of highly accurate potential energy and dipole moment functions for diatomic molecules, the hydrogen fluoride-laser system has proved popular. This system also has the advantage that quantum mechanical calculations are also feasible, making for direct comparison with the classical calculations. Also, a diatomic molecule serves as a model isolated vibrational mode in a polyatomic system so that its properties contribute in a qualitative sense to the understanding of molecular laser systems in general. Therefore, much work has been done on the diatomic-laser problem, and this is now discussed.
Walker and Preston were the first to present a classical/quantum comparison of the dynamics of a model nonrotating HF molecule in a strong laser. A Morse oscillator was used to describe the diatomic molecule, and the linear dipole moment approximation was made.
The laser intensities used in this study ranged between 11.1 TW/cm A diatomic, however, with very few states (HF has only 23 vibrational states) is a very extreme case for comparing classical and quantum mechanics, and it is encouraging that the level of agreement noted above is so good! The discrepancy of the classical/quantum results for the multiphoton resonances deserves further comment, however. It is our opinion that classical mechanics "misses" multiphoton resonances in the case of diatomic molecules because, for the intensities studied above, the motion is still very regularmi.e., chaos plays a relatively insignificant role in the above diatomic studies. Davis and Wyatt were the first to plot out Poincar6 surfaces of section of the classical trajectories for the nonrotating HF problem which shows this degree of regularity. These surfaces of section were generalized to a two-laser system by Stine and Noid. 6 Davis and Wyatt noted that certain multiphoton transitions were forbidden classically and may be due (e.g., semiclassically) to a tunneling phenomenon known as dynamical tunneling. Gray, 23 using a previously developed classical nonlinear resonance model for a Morse oscillator interacting with a laser, 24 noted that for sufficiently small laser intensities, dynamical tunneling may be significant in overtone and fundamental absorption as well. Indeed, ordinary (low intensity) spectroscopy is due entirely to dynamical tunneling from a semiclassical point of view. Also, the initial steps in the multiphoton absorption process before the quasicontinium is reached may well be due to such effects. Conversely, as intensity is increased, the effects of dynamical tunneling should diminish and a purely classical picture of absorption should suffice. The effect of dynamical tunneling can also be diminished by increasing the number of vibrational degrees of freedom, thus allowing for an increased role of classical chaos in achieving absorption. For example, very reasonable agreement between classical and quantum energy absorption spectra in a model triatomic system has been noted. 25 For these reasons, we believe that while one should be somewhat cautious about classical studies omitting such quantum effects, the classical model of multiphoton absorption and dissociation of polyatomics in intense lasers is probably reasonable, particularly with regard to behavior in the quasicontinium energy regime.
Perhaps more relevant experimentally are the studies by Stine Finally, we remark that alternative classical calculations---for example, the recent work of Ackerholt, Galbraith and Milonni 35 that was based on approximating with classical dynamics the time dependence of the laser-molecule system's creation and annihilation operators--also point to the importance of chaos in the multiphoton absorption process.
